Lignin in plant cell wall is a complex amorphous polymer and is biosynthesized mainly from three aromatic alcohols, namely, p-coumaryl, coniferyl, and sinapyl alcohols. This biosynthesis process consists of mainly radical coupling reactions and creates a unique lignin polymer in each plant species. Generally, lignin mainly consists of p-hydroxyphenyl (H), guaiacyl (G), and syringyl (S) units and is linked by several types of carboncarbon (β-β, β-5, β-1, and 5-5) and ether bonds. Due to the structural complexity, various molecular spectroscopic methods have been applied to unravel the aromatic units and different interunit linkages in lignin from different plant species. This chapter is focused on the application of ultraviolet (UV) spectroscopy, Fourier transform infrared (FT-IR) spectroscopy, Fourier transform Raman (FT-Raman) spectroscopy, fluorescence spectroscopy, and nuclear magnetic resonance (NMR) spectroscopy to lignin structural elucidation.
Introduction
Plant cell walls in higher plants are mainly consisted of cellulose, hemicelluloses, and lignin. As a major cell wall component, lignin in plants provides rigidity, internal transport of water and nutrients, and protection against attack by microorganisms [1] . It has been reported that lignin in lignified plants accounts for 16-36% by weight [2] . Due to the high content and complex structure, lignin plays a key role in pulping and other chemical conversion process of plants. Most importantly, lignin currently attracts widespread attention as a feedstock for biofuels and biochemical production [3] [4] [5] . Broadening the knowledge of structural features of lignin is therefore necessary to help to effectively improve the economics of these processes.
Lignin structure
Lignin is the most abundant renewable aromatic biopolymer present in nature. To the best of current knowledge, lignin shows a heterogeneous composition and lacks a defined primary structure due to the special biosynthesis processes [6] . Lignin is generally considered to be synthesized mainly from three p-hydroxycinnamyl alcohols precursors, namely, p-coumaryl, coniferyl, and sinapyl alcohols. During the lignification process, each of these precursors gives rise to a different type of lignin unit called p-hydroxyphenyl (H), guaiacyl (G), and syringyl (S) units, respectively. This biosynthesis process consists of mainly radical coupling, and creates a unique lignin polymer in each plant species, even in different tissues of the same individual [7] . In general, softwood (spruce, pine, etc.) lignin consists almost entirely of G units, hardwood (beech, poplar, etc.) lignin is a mixture of G and S units, and herbaceous lignin (bamboo, reed, etc.) is composed of all the three units. These units are linked by several types of carbon-carbon (β-β, β-5, β-1, and 5-5) and ether bonds (β-O-4 and α-O-4) with various percentage. The β-O-4 linkages are the main lignin interunit linkages, accounting for more than 60% among various linkages. However, the less C─C linkages constitute some of the most difficult bonds to break [8] . In addition to lignin, the local noncovalent interaction and oxidative reactions among carbohydrates, phenolic components, and lignin render and control the formation of lignin-carbohydrate complex (LCC) during lignin biosynthesis processes [9, 10] . Other components, such as hydroxycynnamic acids and tricin, have been demonstrated to be incorporated into herbaceous lignin, apparently making the structure of lignin more complex [7] . Figure 1 shows the structure of main components of lignin.
Methods for structural elucidation of lignin
Lignin chemists have devoted their efforts to reveal the molecular details of lignin structure over the past few decades. Various wet-chemistry methods have been developed. Permanganate oxidation, nitrobenzene oxidation, GC-MS pyrolysis, thioacidolysis, and derivatization followed by reductive cleavage (DFRC) methods partially degrade lignin polymer and release diagnostic monomers, which reveals H/G/S composition in lignin. The presence of acylating groups in some herbaceous lignins is well known for a long time. A modified DFRC method (DFRC′) was developed for naturally acetylated lignin moieties determination [11] . Though significant strides have been made in elucidating the chemical structure of lignin by wetchemistry methods, they have not yet been completely elucidated. Only a fraction of lignin was analyzed and significantly different results were obtained even for the same sample by different wet-chemistry methods. Moreover, all protocols provide relative comparison in an array of samples rather than giving the absolute quantitative values.
Attempts through the years have been made to develop nondestructive and quantitative methods for w using molecular spectroscopic methods. Molecular spectra see differences in chemical structure of lignin that it is invisible for other analytical methods. Acid-soluble lignin in biomass is determined to be less than 4% by ultraviolet (UV) spectroscopy based on Beer' Law. On the other hand, the level of purity originated from different resources was easily determined by comparison of the extinction coefficients [12] . Despite some constituents can also be found from the UV spectra, further evidence is needed to confirm that. To date, natural lignin is found to contain several functional groups and chromophores which can be qualitatively determined by Fourier transform infrared (FT-IR) spectroscopy, FT-Raman spectroscopy, and fluorescence spectroscopy [13] [14] [15] . FT-IR spectroscopy is the most widely distributed as a modern and powerful analytical technique. The structural changes during physical and chemical pretreatment were monitored, which revealed the mechanism [16, 17] . However, no quantitative information about both lignin interunit linkages and S/G/H composition was achieved until the application of nuclear magnetic resonance (NMR). Development of 1D, 2D, and 3D NMR spectroscopic methods provides a powerful tool for lignin analysis. Evidence of the presence of lignin substructure dibenzodioxocine and spirodienone in lignin was first observed by the NMR spectroscopic methods [18, 19] . It is noted that more detailed structure of the whole macromolecule can be obtained by NMR spectroscopic methods. In addition to the structure details, the absolute amount of the side chain moieties and functional groups can be determined by combination of 13 C NMR and 2D HSQC NMR spectroscopic methods [20] .
This chapter describes the application of UV spectroscopy, fluorescence spectroscopy, FT-IR spectroscopy, FT-Raman spectroscopy, and various one-dimensional and multidimensional NMR spectroscopic methods in lignin structure determination.
UV spectroscopy
Ultraviolet spectroscopy has been widely applied to quantitatively measure the acid-soluble lignin content, semiquantitatively determining the lignin purity, and predicting the possible lignin constituents [21] [22] [23] . The location of maximum absorption and the extinction coefficient of it are the two main factors that determine the properties of lignin.
Capitalizing on the stronger absorbance of lignin compare with carbohydrates in the UV region, the amount of acid-soluble lignin can be determined by applying Beer' Law. In 1985, a standard protocol was developed by the Technical Association of the Pulp and Paper Industry (TAPPI) to determine the amount of acid-soluble lignin and was applied widely across the world [24] [25] [26] . However, the accuracy is affected by measuring the absorbance at 200-205 nm, where carbohydrate monomers may also absorb light. Moreover, the extinction coefficient that is used varied with the type of lignin. In 2008, more accurate method of laboratory analytical procedure (LAP) of biomass was provided by the National Renewable Energy Laboratory (NREL) [27] . For the measurement, the absorbance of ASL was recorded at the recommended wavelength, which varied among plant species. Nowadays, many scientists use LAP for the determination of ASL in untreated and pretreated biomass. Our previous research applied LAP procedure to determine the content of ASL before and after ionic liquid-acid pretreatment, and an increased ASL was found [17] . Likewise, Rajan et al. used NREL methods to reveal the effect of dilute acid pretreatment on ASL of wheat straw [28] .
Generally, the UV spectrum of lignin exhibits several absorption maxima at around wavelengths of 200, 240, 280, and 320 nm, which originate from the intrinsic structure [29] . Occurrence of the maximum absorption at around 200 nm in UV spectra is corresponding to the π→π* electronic transition in the aromatic ring of lignin structure. Maxima at around 240 and 282 nm probably originate from the free and etherified hydroxyl groups. Phenolic structure and phenylpropane units (S, G) in lignin also can be detected from the UV spectra [22, 30] . It is reported that a pure syringyl lignin has an absorption maximum at 270-273 nm, whereas a red shift to 280-282 nm and three times stronger extinction coefficient are found in a pure guaiacyl lignin [22] . As for the maximum absorption at around 320 nm, it is attributed to π→π* transitions in lignin units with C α ═C β linkages conjugated with aromatic ring and n→π* transition in lignin units containing C α ═O groups. In herbaceous plants, bound hydroxycinnamic acid especially a predominance of esterified p-coumaric acid or etherified ferulic acid may contribute to the appearance of it [7, 31] . The lignin fractions were dissolved in DMSO, and scanned from 500 to 190 nm on a UV 2300 spectrophotometer (reprinted with permission from [7] . Copyright 2013 American Chemical Society).
The UV spectroscopic patterns of lignin cary among plant species. It has been demonstrated that the maximum of the absorption curve of milled wood lignin (MWL) from spruce fibers is at about 280 nm, whereas the UV spectra of acid insoluble lignin fractions from shrubs Caligonum monogoliacum and Tamarix spp. exhibits two absorption maxima at around 245 and 280 nm [22, 32] . It is noted the UV spectra of grasses are somewhat different from wood species. Apart from the first maximum absorption at 284 nm, a shoulder peak at around 320 nm is always appeared in the UV spectrum of lignin from grasses [7, 33] . For instance, esterified pcoumaric acid is the main component if the wavelength of maximum absorption is shorter than 320 nm. In contrast, the wavelength of maximum absorption at 325 nm is indicative of rich etherified ferulic acid in lignin. Figure 2 shows UV absorption spectra of stem MWL, foliage MWL, stem alkaline lignin (AL), and foliage AL from energy crops Arundo donax Linn. that reprinted from our previous article [7] . As illustrated, two maximum absorptions were found at around 284 and 310 nm in the spectra of lignin fractions. It can be inferred that the four lignin fractions may contain free and etherified hydroxyl groups, and bound p-coumaric acid.
UV spectroscopy has been used to semiquantitatively determine the purity of lignin with respect to the concentration. According to Beer's Law (A = εcd, where A = absorbance, ε = extinction coefficient, d = path length, c = concentration), the value of extinction coefficient reveals the concentration of lignin. The low extinction coefficient of lignin is due to the high amount of nonlignin materials. As aforementioned, lignin in plant tissue does not exist as an independent polymer but bonded with polysaccharides, which can be coextracted. The presence of a variety of variable abundances of lignin-carbohydrate bonds among different plant species makes it difficult to isolate lignin purely and completely. Sugar analysis of isolated cellulolytic enzyme lignin from Douglas fir, redwood, white fir, Eucalyptus globulus Labill., A. donax, and poplar wood revealed that lignin contained relatively noticeable amount (7.74-20%) of associated carbohydrates [34] [35] [36] , which reduces the level of purity. Moreover, lignin fractions isolated from lignocellulosic biomass still contain other nonlignin contaminants, for instance, ash. Specifically, the ash content in technical lignins such as lignosulfonate (LS) and kraft lignin (KL) is up to 9.4 and 27.1%, respectively [37] . A certain amount of ash in lignin was demonstrated to decrease the extinction coefficient. Sun et al. found that the relatively lower absorption of lignin fractions was probable due to the higher amounts of coextracted nonlignin materials such as ash and salts [21] . Apart from UV spectroscopy, UV microscopy has been used in a number of studies to monitor the lignin distribution among various tissues of gymnosperm and dicotyledonous angiosperm in respect to the concentration by comparison of UV absorbance. UV light transmits through ultrathin sections (0.5 μm) of wood and measure within the wavelength range 240-320 nm of lignin absorption. From the absorbance and the cell wall dimensions, the concentrations of lignin in cell wall layering structure of earlywood of black spruce (Figure 3 ) are determined to decrease in the order: the cell comers > the compound middle lamella > the secondary wall [22, 38] .
Fluorescence spectroscopy
Fluorescence spectroscopy has been used for the analysis of lignin constituents in wastewaters from pulp mills in the 1970s [14] . Subsequently, scientists focus a lot on the fluorescence properties of lignin. Lundquist et al. have investigated the fluorescence spectra of a variety of model compounds, lignin, and lignin-related products to establish a basis for the interpretation of the fluorescence results [39] . By comparing the fluorescence spectra (emission spectra and excitation spectra) of lignin with the structural elements, the possible chromophores can be determined.
Dioxane-water or water is a good solvent for the dissolution of lignin as the absorbance of these solutions is less than 0.05. This implied that the intensity of the emitted light (Q) can be expressed by the following equation [39, 40] : Q = I 0 (2.3εcd) Φ f , where (I 0 = intensity of the incident light, ε = molar absorptivity, c = concentration in moles per liter, b = sample path length, Φ f = quantum efficiency for fluorescence). Albinsson et al. dissolved the untreated and borohydride-reduced MWL from spruce in dioxane-water 9:1 for the fluorescence spectra collecting [14] . Lundquist et al. used either water or dioxane-water 1:1 as the solvents to explore the fluorescence properties of lignin sulfonate, MWL, and kraft lignin [39] . Nonradiative energy transfer from lignin chromophores is excited to an acceptor and then emits the fluorescent light. Excitation spectra and emission spectra were collected on a spectrofluorimeter. Generally, the emission spectra are recorded at the wavelengths of the excitation maxima and the excitation spectra are recorded at the wavelengths of the emission maxima. Table 1 shows the fluorescence properties of lignin materials [14, 39] . As can be seen, emission spectra of MWL from spruce exhibit a maximum at about 360 nm on excitation at different wavelengths in the range 240-320 nm. For the MWL from birch, emission spectra exhibit a maximum at 350 nm. A great difference is found for the fluorescence properties of technical lignin, such as kraft lignin or lignin sulfonate. The emission spectra of these lignins exhibit a maximum at about 400 nm on excitation at different wavelengths in the range 240-350 nm.
Examination of the fluorescence spectra of lignin samples and model compounds suggested the possible chromophores. If the structural elements spectra closely match the emission from the lignins, it points to the possibility that the lignin fluorescence is mainly emitted from that structure of lignin. Based on these, small amounts of phenylcoumarone structures are found in lignin from pretreated acid or balling materials [14] . Reduction of carbonyl in lignin by borohydride does not change the position of emission maximum but increase the fluorescence intensity due to some "energy sink" structure in lignin. It has been determined that the "energy sink" structure could be arylconjugated carbonyl groups such as cinnamyl alcohol or phenylcoumarone type and stilbene structure.
Lignocellulosic biomass is known to be autofluorescent. Compared with holocellulose, the autofluorescent of lignin is generally much brighter [41, 42] . Laser scanning confocal fluorescence microscopy (LSCFM) allowed direct visualization of the relative amounts of lignin in different cell types on a semiquantitative basis. Based on the brightness of fluorescence images, the relative amounts of lignin in different regions of the cell wall in different cell types can be measured [43] . Donaldson et al. used confocal fluorescence microscopy (FM) to provide semiquantitative information in different regions based on lignin autofluorescence, and by staining with acriflavine [44] . The level of lignification in different plant species was then determined. FM was also used to investigate the cell wall structure changes during chemical pretreatment of biomass [45] .
FT-IR and FR-Raman spectroscopy
Fourier transform infrared and FT-Raman spectroscopic methods have been described as an efficient measurement of valuable plant components, such as lipids, fatty acids, carbohydrates, phenolic substances, and so forth [46] . Results from both FT-IR and FT-Raman spectroscopy are in general agreement and provide complimentary information. Both techniques are nondestructive, rapid, and accurate and use only microscale samples. Differed from FT-IR spectroscopy, FT-Raman spectroscopy is insensitive to water. Hence, it is more suitable to perform in situ studies of fresh plant materials that contained some moisture by FT-Raman spectroscopy. The application of these two techniques to numerous research areas has already provided useful information on lignin.
FT-IR spectroscopy
FT-IR spectroscopy is a nondestructive, noninvasive, high sensitivity, and rapid method for lignin structure investigation or wood constituent determination widely use by lignin and wood chemists as a molecular probe [13, 47, 48] . This method opens perspective to quantify lignin in samples and semiquantitative and qualitative analyses of lignin structure characteristic.
FT-IR spectra assignment
Much work has been published on the characterization of lignin, and a lignin FT-IR-spectrum library has been established over the past few decades. Transmission or diffuse reflectance spectra in the midinfrared (4000-200 cm −1 ) have been shown to provide reliable information on the chemical properties of lignin fractions or lignin in wood. Before the analysis, all of the spectra should be baseline corrected and normalized. In the region 3800-2750 cm −1 , several bands are observed which are caused by the presence of alcoholic and phenolic hydroxyl Applications of Molecular Spectroscopy to Current Research in the Chemical and Biological Sciencesgroups and the methyl and methylene groups in lignin [47] . More bands are clearly discernible with deconvolution. In more detail, a wide absorption band appearing at 3580-3550 cm −1 is derived from free hydroxyl group in phenolic and alcoholic structures. Additionally, signals in the region 3000-2750 cm −1 are predominantly arising from C-H stretching in aromatic methoxyl groups and in methyl and methylene groups of the side chain. Fatty acid present in lignin undoubtedly increases the intensity of C-H stretching [49] . Demethylation or methylation affects the intensity of these bands sharply. It has been reported that the intensity of O-H stretching peak reduces dramatically upon methylation, whereas the intensity of peaks corresponding to C-H stretching increased simultaneously [50] .
The investigation of more complex fingerprint region is necessary to facilitate understanding of the intact lignin characteristics. Bands found at around 1735 and 1714 cm −1 are originated from unconjugated carbonyl-carboxyl stretching in ketones, carbonyls, and ester groups [13] . Esterified phenolic acids and acetyls from associated hemicelluloses are the contributors to these absorption bands. The intensity of these bands also increased when a ketone or an aldehyde structure is produced [51] . However, the occurrence of a serial of absorption peaks at range 1675-1655 cm −1 is corresponding to conjugated carbonyl-carboxyl stretching. Hergert et al. concluded that the peak at 1660 cm −1 was originated from a ketone group located at α position, whereas the peak at 1712 cm −1 was assigned to a ketone group located at β position [52] . It is noteworthy that sharp bands at 1653 cm −1 from the spectrum of oven-dried samples are probably arising from the tricin associated with lignin especially from nonwood biomass [7, 25, 53] .
Every lignin FT-IR spectrum shows prominent absorptions at around 1600, 1510, and 1420 cm −1 and the C─H deformation combined with aromatic ring vibration at 1460 cm −1 . The first three bands are assigned to the aromatic skeleton vibrations in lignin, which is the "core" structure of lignin. According to the classification of lignin proposed by Faix, the FT-IR spectra of lignin are divided into three categories, i.e., G type, GS type, and GSH type [13] . The spectra of type G lignins show typical feature at 1140 cm (C─H out-of-plane vibrations at positions 2, 5, and 6 of G units). Lignin from hardwood such as poplar, birch, and beech belongs to GS type according to the IR classification criteria [13] . GS type lignin exhibites typical features at a wavenumber at around 1128 (aromatic C─H in-plane deformation), 1328 (S ring plus G ring condensed), and 834 cm −1 (C─H out-of-plane in position 2 and 6 of S). Furthermore, the spectra within the GS category are subdivided into four groups based on different intensities of each band. In the samples from A. donax and bamboo, the absorption band at 1167 cm −1 which is attributed to C═O in ester groups (conjugated) is additionally present compared to the spectra of GS and G type lignin [7, 54] . Hence, maxima absorption at 1167 cm −1 is typical only for GSH type lignin. Signals from lignin functional groups such as phenolic hydroxyl group can be found at 1370-1375 cm −1 . As small amount of carbohydrate is apt to associate with lignin, aromatic C─H deformation at 1035 cm −1 appears as a complex vibration associated with the C─O, C─C stretching and C─OH bending in polysaccharides. For more details, see Table 2 [7, 13, 47, 55] . 
Qualitative and semiquantitative analysis
FT-IR spectroscopy reflects the chemical structure of lignin. As a result, the native characteristics are uncovered and the structural changes taking place in samples are monitored. Huang et al. found that some tannin was possibly condensed with bark lignin by comparing with the FT-IR spectra discrepancy of MWLs from loblolly pine stem wood, residue, and bark [26] . accompanied with the increased intensity of the band at 1321 cm −1 identified by attenuated total reflectance (ATR)-FTIR spectra of lignin indicated the occurrence of condensed reaction during the heat treatment [56] . It should be noted that the ATR-FTIR only quantitatively determined the chemical changes in the surface of the samples. Further evidence was needed to confirm that.
Apart from the qualitative analysis, FT-IR spectroscopy has been utilized as a means of relative quantifying lignin in samples. Raiskila et al. have developed a method based on the FT-IR spectra to determine the relative amount of lignin in a large amount of samples [57] . In addition to the lignin content determination, the condensation indices (i.e., the cross-linking indexes) of lignin reflect the condensation degree of lignin, which can be expressed by the following formula [58, 59] :
Sum of all minima between 1500 and 1050 cm CI = Sum of all mixima between 1600 and 1030 cm Lignin condensation always occurred during the acid treatment or the severe ball milling. The quantitatively analysis of the CI by using FT-IR spectroscopy is extremely convenient and time saving. Furthermore, the Abs. 1742/Abs. 1768 ratio is positive in connection with the phenolic hydroxyl group in lignin [60] .
FT-Raman spectroscopy
1064 nm excited FT-Raman spectroscopy overcomes the obstacle of lignin autofluorescence, and the Raman spectra of acceptable quality for lignin or lignin-related materials can be obtained. Compared with the FT-IR spectra, more bands can be detected in the FT-Raman spectra. It has been reported that in neat state only about 60% of the bands of the total detected FT-Raman bands are detected in the FT-Raman spectra, implying that 40% of the bands could only be detected by FT-Raman [62] . In addition, fresh plants even with some extract present in them do not affect the FT-Raman spectral data. It is therefore significant to use both Raman and IR analyses to obtain the most detailed chemical information of lignin.
FT-Raman spectra assignment
The band assignment information in a lignin FT-Raman spectrum has been achieved primarily by Agarwal and his group [15, [61] [62] [63] [64] . In general, the spectra are divided into three regions: 3200-2700, 1850-1350, and 1450-250 cm −1 region. In the region 3200-2700 cm −1 , several bands derived from the aliphatic and aromatic C─H stretches are detected. By studying the spectra of benzene derivatives and lignin models, it is determined that band at around 3070 cm −1 is likely to be due to the aromatic C─H stretch. The bands at approximately are originated from the asymmetric aliphatic C─H stretch like methoxy and acetoxy groups, whereas the band at 2843 cm −1 can be assigned to the symmetric aliphatic C─H stretch. A high amount of S units and acetylation or methylation treatments give particularly more intense 2938 cm −1 band [15] . Another band at 2890 cm −1 is assigned to the C─H stretch in R 3 C─H structures.
The 1850-1350 cm −1 region is the most informative region for lignin. This region contains bands due to aromatic rings, ring-conjugated ethylenic C═C, α-and γ-C═O, and the o-and pquinones. Every FT-Raman spectrum of lignin exhibited a strong band at about 1600 cm −1 , and can be used to normalize the spectra. This band is due to the aromatic ring stretch, and the band intensity is enhanced by the conjugation and resonance Raman effect [62] . Nonsymmetrical shape of the band suggested that two more components are included. After curve-fit treatment of the band of lignin from hardwood samples, S-marker and G-maker bands occurred. The calculation of these two bands would be a good probe to quantify the S/G ratio [65] . The band at 1660 cm were mainly resulted from the S type lignin, whereas the band at 1271 cm −1 was originated from G type lignin. Further investigation of softwood and hardwood MWLs confirmed these assignments. After a preliminary study of the spectra of hydroxycinnamic acid standard compounds and lignin, we recently showed that the band at 1173 cm −1 was assigned to C═O vibration form esterified or free hydroxycinnamic acid from grass A. donax [66] . A similar band at around 1173 cm −1 was also found in the spectra of switchgrass. Another band at about 1202 cm −1 is attributed to ring deformation and aryl-OCH 3 and aryl-OH in-plane bending from H type lignin [67] .
Qualitative and semiquantitative analysis
Similar to FT-IR spectroscopy, FT-Raman spectroscopy is useful to the rapid characterization of lignin. The basic lignin units and functional groups in different lignocellulosic biomass are easy to identify from the FT-Raman spectra according to the bands assignments aforementioned. Raman spectral changes show the modification of lignin aroused by chemical, mechanical, or biological treatment [15, 64] . The spectral data changes of lignin treated by acetylation, methylation, diimide treatment, and alkaline hydrogen peroxide bleaching are achieved [15] .
Some of the bands in the Raman spectra are applied to quantify lignin content or lignin structure. It is interesting to found that the intensity (peak area) of band at 1600 cm −1 of lignin is linearly related to the kappa number of pulp (R 2 = 0.98). The residual lignin content in bleaching pulp is therefore obtained by calculating the peak area of band at 1600 cm −1 . It is well known that significant variation in the S/G ratio exists among different plant species. A spectral deconvolution method based on FT-Raman spectroscopy holds significant promise in the rapid and accurate determination of S/G ratio quantitatively [65] .
NMR spectroscopy
The structure of lignin macromolecule in plants is extreme complex. To investigate the structure of the whole lignin macromolecule, various nuclear magnetic resonance spectroscopic methods (one-dimensional and multidimensional NMR) in both solid and solution states are frequently utilized. Compare with other spectroscopic methods mentioned above, NMR spectroscopic methods have much higher resolution and enable a larger amount of information to be obtained. Solid-state 13 C cross-polarization magic angle spinning (CPMAS) NMR spectroscopy allows the investigation of lignin structure in the native state and simultaneously avoids the chemical modification for sample preparation [68] . It is suitable for the analysis of lignin samples that have restricted solubility. However, due to the low resolution, only some structural features of lignin can be observed. Despite some improvements for the solid-state NMR have been made, it is still not routinely used. Solution-state NMR spectroscopy is more powerful in lignin structural elucidation. In solution, a much better resolution is obtained and a more detailed characterization of lignin aromatic and side chain is possible. Moreover, absolute quantification or relative quantification of each substructures and linkages can be unambiguously achieved [69] [70] [71] . One of the major factors that impede the application of solution-state NMR is the difficulty in dissolving lignin. In order to enhance the solubility, lignin is subjected to acetylation by anhydride/pyridine solution before the solution-state NMR spectra collection [72] . Briefly, 100 mg of lignin is dissolved in 4 mL of a solution of acetic anhydride: pyridine (1:1). After stirring for 24 h at room temperature under the exclusion of sunlight, the mixture is concentrated under reduced pressure. Then the mixture is dropped slowly into 200 mL of ice water (pH = 2.0) to induce precipitation, and the precipitate is washed with deionized water for several time. After centrifugation and freeze-drying, acetylated lignin is obtained. It is important to note that the chemical shift of lignin moieties will somewhat shift to a higher field after acetylation [69] . Recent advances in characterization of lignin polymer by solution-state NMR methodology have been reviewed [73] .
One-dimensional NMR spectroscopy
1D NMR spectroscopic methods including the solution-state 1 H NMR, solution-or solid-state 13 C NMR, and solution-state 31 P NMR have been utilized to routinely determine the amount of hydroxyl groups (aliphatic, phenolic, and carboxylic acid), interunit linkages, S units, G units, and H units in lignin. The databases of chemical shifts of these spectroscopies have been well established based on comparison with synthetic model compound data [74] [75] [76] [77] [78] .
5.1.1.

H NMR spectroscopy
The 1 H NMR spectra of lignin can be obtained within a few minutes. 
Quantitative
C NMR spectroscopy
Owing to the complex structure of lignin, there are many overlapping resonances on 1 H NMR spectra and only some of structure features are detected. The accuracy of calculation based on 1 H NMR spectra of lignin is relative low. To obtain the detailed molecular structures, both solidstate and solution-state 13 C NMR spectroscopic methods have been applied to investigate the structural difference between lignin fractions from different plant species since 1981 [68, [84] [85] [86] . In addition to 13 C NMR spectra, the collection of distortionless enhancement by polarization transfer (DEPT) CH (θ = 135°) spectra of lignin has been found to have a synergetic effect [33] . 13 C NMR spectroscopy allows the classification and quantification of lignin nondestructively. However, more than 24 h is needed to collect the quantitative 13 C NMR spectra. To decrease the experiment time without affecting the quality of spectra, 0.01M chromium (III) triacetylacetonate (Cr(acac) 3 ) is considered a relaxant which allows a 4-fold decrease in the experiment time. One has to take into account that the use of tetramethylsilane (TMS) as an internal reference (0.00 ppm) is significant. Additionally, it is noteworthy that differences in the location of some structures of lignin may happen due to their strong solvent dependency [19] . C NMR spectra of lignin is very complex and some signals can be overlapped by the impurity such as residual solvent and carbohydrates. Therefore, it is recommended that only a relative pure lignin fraction is suggested to analysis by this technique.
Estimation of lignin moieties and functional group is significant permitting more comprehensive information about the architecture and reactivity of lignin. The amount of side-chain moieties and functional groups can be estimated by integral at corresponding chemical shift in the spectra of lignin. The integral at 160-102 ppm is always set as the reference, assuming that it includes six aromatic carbons and 0.12 vinylic carbons; therefore, all moieties can be based on equivalences per aromatic ring [69] . However, signals belonging to carbon atoms of the same groups may be derived from different moieties. To calculate the amount of one of the moieties, the content of other moieties should be calculated first by other methods. For instance, signals at 50-48 ppm in the spectrum of both lignin belong to carbon atoms of phenylcoumaran and β-1 moieties [69] . Firstly, the amount of phenylcoumaran structures (0.03/Ar) was estimated from the resonance at about 87 ppm. Then, the integral at 50-48 ppm in the spectrum is calculated to be 0.05/Ar. Finally, the content of β-1 moieties can be calculated to be 0.02/Ar.
5.1.3.
P NMR spectroscopy
Phosphitylation of hydroxyl groups in lignin followed by quantitative 31 P NMR provides a valuable characterization tool for determination of the content of aliphatic hydroxyl groups, phenolic hydroxyl groups, and carboxyl group. Application of this method in lignin characterization has been reviewed by Pu et al [70] . 31 P NMR spectra of MWL derivatized with 2-chloro-4,4,5,5-tetramethyl-1,3,2-dioxaphospholane (TMDP) reproduced from our previous study are illustrated in Figure 4 , and the signal assignments are labeled [17] . The quantitative results of these hydroxyl groups were obtained by peak integration with cyclohexanol (signals at 133.8-133.3 ppm) as internal standard (IS). Typical phosphitylating procedures are shown as follows.
Lignin sample (20 mg) was dissolved in anhydrous pyridine and deuterated chloroform (1.6:1, v/v, 500 μL) under stirring. Cyclohexanol (10.85 mg/mL, 100 μL) was added as an internal standard, followed by addition of chromium (III) acetylacetonate solution (5 mg/mL in anhydrous pyridine and deuterated chloroform 1.6:1, v/v, 100 μL) as a relaxation reagent. The mixture was reacted with TMDP (phosphitylating reagent, 100 μL) for about 10 min and placed into the NMR tube for 31 P NMR analysis [7, 17] . P NMR spectrum of a A. donax ball-milled lignin derivatized with TMDP using cyclohexanol as internal standard (reprinted with permission from [17] . Copyright 2015 American Chemical Society).
Multidimensional NMR spectroscopy
In traditional one-dimensional 1 H and 13 C NMR spectra, the signals are heavily overlapped due to the very complex and heterogeneous structure of lignin and instrumental limitations [87] . In the course of time, modern solution-state two-and three-dimensional methods are developed as efficient tools to investigate the structure of lignin. Besides better resolution, the multidimensional methods provide more reliability to the assignments [88] .
Two-dimensional NMR spectroscopy
Two-dimensional NMR spectroscopic methods such as heteronuclear multiple quantum coherence (HMQC) spectroscopy, homonuclear Hartmann-Hahn (HOHAHA) spectroscopy, total correlation (TOCSY) spectroscopy, rotating-frame Overhauser experiment (ROESY) heteronuclear single quantum coherence NMR (HSQC) spectroscopy, and heteronuclear multiple bond coherence (HMBC) have been employed in lignin structure characterization [25, [89] [90] [91] . Among these, advanced 2D HSQC NMR is the most extensively used due to its versatility in illustrating structural features and structural transformations of isolated lignin fractions. The interpretation of 2D HSQC NMR spectra of lignin has been facilitated by the application of HOHAHA, HMQC, TOCSY, and ROESY techniques. For instance, del Río et al. performed HMBC experiment to give important information about the connectivity of the ester moiety to the lignin skeleton, and ether linkages between lignin and tricin were proposed [25] . H TOCSY correlation NMR analysis can further confirm the doubted assignment of crosspeak in the spectra of HMQC or HSQC [69] . The cellulolytic enzyme lignin of A. donax was shown in Figure 5 , and the main substructures are depicted in Figure 1 .
The basic composition (S, G, and H units) and various substructures linked by ether and carbon-carbon bonds (β-O-4, β-β, β-5, etc.) can be observed in the 2D HSQC spectra (Figure 5) [92] . After the alkaline treatment, intensity of signals correlated to S units is sharply increased [33] . Typically, as in spectra from grasses, prominent signals corresponding to pcoumarate (PCA) and ferulate (FA) structures are observed at δ C /δ H 115.5/6.77 (PCA 3, 5 A quantitative evaluation of the lignin structure moieties has been performed successfully, and some of the quantitative methods frequently used are described. All C9 units in lignin are used as an internal standard. Integrate the G 2 , 0.5S 2,6 + G 2 , and 0.5S 2,6 + G 2 + 0.5H 2, 6 signals as ISs are for softwood [91] , hardwood lignin [91] , and grass lignin [17, 33, 35] , respectively. Based on the internal standard (all C9 units), the amount of S, G, H, and different interunit linkages could be obtained. In that way, the amount of β-O-4 linkages (% of C 9 units) was determined to be 47.0-49.4 in softwood lignin, and 60.3 in beech wood lignin, and more than 50 in grass MWL [91] . Another semiquantitative strategy of interunit linkages based on the total side chains is also acceptable for directly comparison [7, 25] . The actual extent of lignin acylation can also be estimated in the similar way particularly in grass samples [94] . In addition, Zhang and Gellerstedt proposed a quantitative method by combining 13 C NMR and 2D HSQC spectra, resulting in significant progress in the characterization of lignin moieties by NMR [71] . According to the method, the quantitative Consequently, the absolute amounts of lignin substructures and even LCC moieties were quantitative calculated and expressed per 100 Ar. 
Three-dimensional NMR spectroscopy
As discussed above, the overlapping of the lignin signals cannot be fully avoided even by 2D experiments. Thanks to the rapid advances in NMR technology, the three-dimensional HSQC-TOCSY and HMQC-HOHAHA techniques are utilized to elucidate the [87, 88, 95] . The 3D spectra provide more reliability to the assignments, as the connectivity can be cross-checked from different planes of the 3D spectrum. However, long measurement time is required for the 3D experiments. As most of the structural information of lignin can be obtained by 1D and 2D NMR spectroscopic methods, the applications of 3D NMR to lignin structure characterization are still limited.
Conclusion and outlook
Lignin is an aromatic polymer essential for defense, water and nutrient transport, and mechanical support in vascular terrestrial plants. To reveal the molecular details of lignin structure nondestructively, various molecular spectroscopic methods have been routinely utilized. It can be inferred that the extinction coefficients of UV spectra demonstrate the purity of lignin. Moreover, the functional groups and possible lignin composition can be obtained by the FT-IR, FT-Raman, and fluorescence spectroscopy spectral features, whereas more accurate composition and contents can be calculated using one-dimensional and multidimensional NMR spectroscopic methods. The combination of these molecular spectroscopic methods provides a comprehensive and systematic evaluation of lignin from different plant species. It was demonstrated that herbaceous plants and wood species displayed different structural characteristics of lignin, and structural modification was occurred during various treatment. Overall, these nondestructive techniques provide alternative safe, rapid, accurate, and nondestructive technology for lignin structure determination. The information of lignin presented by these molecular spectroscopic methods contributes to the understanding of native recalcitrance and facilitates the design of more effective strategies to produce ligninbased value-added materials, biochemicals, and biofules.
